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Abstract: Alloy nanostructures unveil extraordinary plasmonic phenomena that supersede the
mono-metallic counterparts. Here we report silver-gold (Ag-Au) alloy nanohole arrays (α-NHA)
for ultra-sensitive plasmonic label-free detection of Escherichia Coli (E. coli). Large-area α-NHA
were fabricated by using nanoimprint lithography and concurrent thermal evaporation of Ag and
Au. The completely miscible Ag-Au alloy exhibits an entirely different dielectric function in the
near infra-red wavelength range compared to mono-metallic Ag or Au. The α-NHA demonstrate
substantially enhanced refractive index sensitivity of 387 nm/RIU, surpassing those of Ag or Au
mono-metallic nanohole arrays by approximately 40%. Moreover, the α-NHA provide highly
durable material stability to corrosion and oxidation during over one-month observation. The
ultra-sensitive α-NHA allow the label-free detection of E. coli in various concentration levels
ranging from 103 to 108 cfu/ml with a calculated limit of detection of 59 cfu/ml. This novel alloy
plasmonic material provides a new outlook for widely applicable biosensing and bio-medical
applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmonic biosensors exploit electromagnetic field localization of noble metal nanostructures
for highly sensitive detection of biological samples [1,2]. Target samples near plasmonic
substrates typically increase the effective refractive index of surrounding medium, thereby
red-shifting the plasmonic resonance wavelength depending on the sample concentration [3–8].
Conventional biochemical detection methods such as enzyme-linked immunosorbent assay
(ELISA), polymerase chain reaction (PCR), and flow cytometry require highly experienced
technicians for time-consuming pre-treatment labeling procedures at the potential risk of severe
sample damage [9]. Such technical bottleneck restricts the utilization of widely applicable
biosensing platform for portable point-of-care testing devices. In contrast, the nanofabrication of
noble metal plasmonic nanostructures such as metal thin film, nanopillars, nanorods, nanorings,
nanodisks, and nanohole arrays actively allows label-free, low-cost and rapid detection of target
analytes [10–18]. In particular, plasmonic nanohole arrays (NHA) show surface plasmon
induced extraordinary optical transmission from subwavelength apertures and thus have gained
exceptional interests as a convenient and efficient biosensing platform [10,19–23]. Unlike
classical Kretschmann configurations based on complex prism-coupling optics, plasmonic
nanohole biosensors employ compact and linear POC configurations as well as high figure-of-
merits, compared to other nanostructures [24]. However, developing highly sensitive plasmonic
biosensor still remains a technical issue due to a limited detection volume between the analytes
and the resonant sites [25].
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Plasmonic resonance wavelength (λPRW ) is mainly determined by the geometric structure
(a0), the dielectric function of plasmonic materials (εm), and the refractive index of surrounding
medium (εd) [26,27]. The refractive index sensitivity, i.e., a ratio of the shift in the plasmonic
resonance wavelength to the change in surrounding index of the medium (∆λPRW /∆εd), is therefore
also dependent on both the structural design and the dielectric function [28–30]. Previous works
have improved the refractive index sensitivity of plasmonic biosensors exclusively through either
modifying the geometric parameters such as thickness, periodicity, and diameter or introducing
novel three-dimensional nanostructures such as nanocrescents, Lycurgus arrays, nanowells and
etc. [28,29,31–33]. In contrast, the pursuit for a better fit plasmonic material for biosensing
applications has been relatively neglected, often limited to simply inter-changing the material
to another plasmonic metal [34–37]. In recent years, nanocomposites and nanoalloys of two
plasmonic metals have acquired much attention due to their unique optical properties [38–45].
For example, aluminum-gold (Al-Au) and silver-gold (Ag-Au) alloy thin-films exhibit completely
different dielectric functions in longer wavelength ranges compared to mono-metal thin-films
[41,43]. However, such optical features have not yet been utilized for highly sensitive plasmonic
biosensing applications. Here we report nanoplasmonic Ag-Au alloy nanohole arrays (α-NHA)
for ultra-sensitive plasmonic biosensing platform, showing exceptional sensitivity compared to
those of Ag or Au mono-metal counterparts as well as high resistance to corrosion. The α-NHA
is further applied for the highly sensitive label-free detection of Escherichia Coli (E. coli) bacteria
at various concentration levels.

2. Results and discussion

2.1. Ag-Au alloy nanohole arrays for highly sensitive detection of E. Coli

A schematic illustration of α-NHA for highly sensitive and label-free detection of biological
specimen is displayed in Fig. 1(a). The nanoplasmonic alloy biosensor utilizes extraordinary
transmission of nanohole arrays, allowing compact and linear optics that simply comprise in
the illumination source, plasmonic active substrate, and detector. Furthermore, the α-NHA
fabricated by concurrent thermal evaporation simply allows complete miscibility of Ag and
Au. The inset graph in Fig. 1(a) shows the calculated relative sensitivity for plasmonic NHA of
different material compositions using the finite-difference time-domain (FDTD) method (Release:
2019a r6, Version 8.21.1933). The simulation was performed assuming uniform square lattice
hole arrays with 200 nm diameter, 400 nm periodicity, and 60 nm metal thickness on dielectric
substrate with refractive index of 1.4. The substrate directly below the nanoholes were etched by
150 nm. The diameter of nanohole arrays were optimized for highest figure-of-merit, which was
defined as the ratio of transmittance intensity at plasmonic resonance wavelength and full-width
at half-maxima (FWHM) of the spectrum for varying radius of 20 nm to 180 nm. The α-NHA
display the highest sensitivity to the bulk change in the surrounding refractive index ranging from
1.33 to 1.4, showing up to 31% higher refractive index sensitivity than Ag and Au mono-metal
NHA. The plasmonic sensitivity is improved by the change in the material property, i.e., the
dielectric function, under constant geometric structure (a0). Figure 1(b) compares the measured
dielectric functions of Ag (dashed, black), Au (dotted, black), and Ag-Au alloys (solid, red) using
spectroscopic ellipsometry in the visible-NIR wavelength range (M2000D RCT, J. A. Woolam).
For a clear comparison, the arithmetic average of the two mono-metals is also illustrated as
dash-dotted red line. In the visible range, the permittivity value of the Ag-Au alloys is measured
between those of two respective mono-metals, which coincide with the arithmetic average value.
In contrast, the dielectric function of alloys clearly deviates in the NIR region, well exceeding the
boundaries of two mono-metals.

The dielectric functions of five different ratios of Ag-Au alloy are summarized in Fig. 2(a)
and Fig. 2(b). Each 200 nm thin film sample was fabricated on an informal cleaned quartz
glass substrate using concurrent thermal evaporation of Ag and/or Au of different ratios ranging
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from Ag25Au75 to Ag75Au25. During concurrent evaporation, two thermal tungsten boats are
simultaneously heated at different rates. Controlling the respective currents on each thermal
boat allows precise determination of the final alloy ratio of the concurrently evaporated thin-film.
Note that the imaginary permittivity of all Ag-Au alloy ratios deviates from that of mono-metal
Ag or Ag in the NIR range, whereas it linearly increases proportionally to the alloy ratios in
the visible wavelength range. This is also true for the real permittivity. Both the value and the
slope of all ratios of Ag-Au alloys begins within the two mono-metals, but deviates as it reaches
NIR wavelength regions. Note that the refractive index sensitivity of plasmonic nanostructures
are typically correlated with the value and the slope of permittivity [27]. In particular, the
permittivities of 50% alloy ratio exhibit the greatest deviation. This phenomenon is explained
by the difference in the electronegativity of Ag (1.93) and Au (2.54). Such difference not only
reduce the conduction electron mean free path but also increase plasma frequency and damping
constant, all of which determine the dielectric function of plasmonic metals [41]. The exceptional
dielectric function of the alloys substantially shifts the plasmonic resonance peaks of NHA in the
NIR region, enabling higher refractive index sensitivity. The ellipsometry spectroscopy of other
plasmonic alloys such as Al-Ag or Al-Au were further performed to obtain the dielectric functions
of the respective materials (Fig. 2(c)). Similar fabrication and substrate preparation were used
for aluminum-based alloys as for Ag-Au alloys in Fig. 2(a). The permittivity values of all alloys
show indications of exemplary plasmonic material, having negative real permittivity and positive
imaginary permittivity values. However, the plasmonic quality factor (-εr/εi) calculated in the
NIR wavelength range are higher in Ag-Au (7.05) than Ag-Al (1.15) or Au-Al (1.13), strongly
demonstrating Ag-Au alloy as efficient material for plasmonic biosensing applications.

Fig. 1. Ag-Au plasmonic alloy nanohole arrays for highly sensitive and label-free detection
of E. coli. (a) Schematic illustration of compact and facile detection comprising in
alloy plasmonic substrate, detector and illumination. The α-NHA exhibit extraordinary
enhancement of refractive index sensitivity than Ag or Au mono-metal NHA. (b) Measured
permittivity values for Ag, Au, and Ag-Au alloy. In the NIR region, the dielectric function
of Ag-Au alloys significantly deviates from the average value of Ag and Au.

2.2. Nanofabrication of α-NHA

The large-area α-NHA were fabricated using nanoimprint lithography and concurrent thermal
evaporation of Ag and Au (Fig. 3). First, NHA with 200 nm diameter and 400 nm period are
patterned in square configuration on Si wafer using KrF lithography. Using this as a master
stamp, the nanohole pattern is nanoimprinted (Eitre-8, Obducat Co.) onto a 6-inch quartz glass
wafer using UV curable polymer (A2 UV-RESIN, EVG Group). Next, hydrophobic anti-stiction
layer (1H, 1H, 2H, 2H-Perfluorodecyltriethoxysilane (FDTS), Sigma Aldrich) is treated in a
convection oven at 80 °C for 30 minutes to reduce the surface energy. Then, 15 nm thick
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Fig. 2. Real (a) and imaginary (b) permittivities of different ratios of Ag-Au alloys
experimentally measured by spectroscopic ellipsometry. (c) Real and imaginary permittivities
of Ag-Au, Ag-Al, and Au-Al alloys at 50% alloy ratio. (d) Plasmonic quality factor
comparison. The Ag-Au alloys exhibit higher quality factor than aluminum-based alloys in
the NIR wavelength region.

Al thin-film is deposited on to the FDTS-treated substrate, followed by concurrent thermal
deposition of 60 nm Ag-Au alloy thin-film. The Ag-Au alloy and the aluminum layers are finally
pattern-transferred onto a polycarbonate substrate by using an UV-resin (SPC-295, EFiRON
Co. Ltd.). The auxiliary UV-resin nano-pillars are completely removed by dry etching, during
which the Al film serve as a metal mask. Finally, the aluminum layer is completely removed by
dipping in 1% KOH solution for 50 seconds. The KOH solution exhibits extremely selective etch
rate for aluminum (> 100 nm/min) compared to Ag or Au (< 1 nm/min). Figure 3(b) shows the
scanning electron microscope (SEM) images of successfully pattern transferred α-NHA with
high dimensional fidelity. Moreover, the transmittance spectra of α-NHA indicate dramatic
blue-shift of the plasmonic resonance wavelengths upon etching of auxiliary nano-pillars and
removal of aluminum layer due to the decrease in the effective refractive index (Fig. 3(d)).
Figure 3(c) shows the elemental composition analysis of α-NHA measured with energy dispersive
spectroscope (EDS-SEM). The EDS-SEM analysis clearly confirms that α-NHA with alloy ratio
of 47.4± 0.4% Ag and 52.3± 0.2% Au have been fabricated with complete miscibility of Ag and
Au. Figures 3(e) and 3(f) show the reflective and transmissive optical images of the NHA of
different compositions on a large area of 64 mm2, respectively. The reflection images display a
smooth transition of colors demonstrating the pattern uniformity of NHA. In contrast, red, blue,
and green colors are explicitly distinguishable in the transmissive optical images, which result
from the spectral combinations of main, secondary or tertiary plasmonic resonance peaks.

2.3. Refractive index sensitivity of Ag-Au alloy nanohole arrays

The α-NHA exhibit enhanced refractive index sensitivity as well as material stability. Figure 4(a)
shows the normalized transmission spectra of Ag, Ag-Au alloy, and Au NHA in the vis-NIR
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Fig. 3. Large-area nanofabrication of α-NHA. (a) The fabrication process utilizes pattern
transfer using nanoimprint lithography and concurrent thermal evaporation. The aluminum
metal mask and Ag-Au alloy thin-film are consecutively deposited on the nanohole mold,
followed by metal pattern transfer. (b) SEM images of the fabricated nanohole arrays. (c)
SEM-EDS composition analysis of α-NHA confirming complete miscibility of Ag and Au.
(d) Transmittance spectra of α-NHA upon etching and removal of auxiliary nano-pillars and
aluminum layer. (e) Reflective and (f) transmissive optical images of Ag, Au, and Ag-Au
NHA on 64 mm2 substrate. The reflective image shows gradual shift in colors demonstrating
pattern uniformity of NHA, while the transmissive images display colors corresponding to
their respective plasmon resonance peaks.

wavelength range. The main plasmon resonance peak wavelengths are observed in the NIR
region as expected—667 nm, 691 nm, and 732 nm, respectively for Ag, Ag-Au alloy, and Au NHA.
Moreover, the secondary and tertiary plasmonic resonance peaks are observed at 550 nm and
450 nm, respectively. The Ag NHA displays a narrow full-width at half-maximum of transmission
spectrum, e.g., 96 nm, however, they often suffer from high susceptibility to surface corrosion.
Surface corrosion is particularly detrimental in plasmonic biosensors because the ultra-thin
corrosion film on Ag nanostructures significantly reduces the refractive index sensitivity [46]. In
contrast, α-NHA show higher material stability than Ag as well as lower FWHM than that of Au.
Figure 4(b) experimentally demonstrates strong resistance to surface corrosion in over 40-day
period by investigating the plasmonic resonance peak shifts of Ag, Ag-Au alloy, and Au NHA.
During the first 15 days, nearly no shift in the resonance peaks are observed for Ag-Au alloys and
Au, compared to a dramatic 11 nm red-shift for the Ag NHA. At 40-day mark, the resonance peak
of Ag NHA is even further red-shifted by approximately 17 nm while that of α-NHA is shifted
by 6 nm, demonstrating superior long-term resistance to surface corrosion. The inset graph in
Fig. 4(b) exhibit material stability of α-NHA upon oxygen plasma treatment. The Ag, Ag-Au and
Au nanohole arrays were placed in oxygen plasma system under harsh condition of 40 sccm of
O2 and 40 sccm of Ar gas for 30 seconds at 150W plasma power. The α-NHA and the Au NHA
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are unaffected by the oxygen plasma system, showing highly distinctive extraordinary optical
transmission in the NIR wavelength region. In contrast, the Ag NHA were completely oxidized
and shows no discernible plasmonic resonance wavelength.

Fig. 4. Refractive index sensitivity and material stability of α-NHA. (a) Transmission spectra
of α-NHA compared to mono-metal Ag and Au. The Ag, Au, and α-NHA show plasmonic
resonance wave-length at 667 nm, 691 nm, and 732 nm in the NIR region, respectively.
(b) Material stability of α-NHA during 40-day period. The plasmonic peak wavelengths
of α-NHA remain unshifted, compared to significant red-shift in Ag NHA. Inset shows
transmittance spectrum upon oxygen plasma treatment. (c), (d) Refractive index sensitivity
of Ag, Au, and α-NHA in the visible (c) and NIR (d) wavelength range. The α-NHA show
approximately 40% higher refractive index sensitivity than Ag and Au NHA in the NIR
region

Figures 4(c) and 4(d) compares the refractive index sensitivity α-NHA with Ag and Au NHA
in both the VIS and NIR wavelength region. The sensitivity was measured by the plasmonic
resonance peak shift as the volume-weight concentration of glycerol was increased from 0%
to 60% in the glycerol-water mixed solution. As shown in the inset graphs, the peak shift of
main and the secondary plasmonic resonance wavelengths were each measured to calculate the
sensitivity in the NIR and VIS wavelength range. First, the refractive index sensitivity in the VIS
range (Fig. 4(d)) was measured as 253 nm/RIU, 197 nm/RIU, and 164 nm/RIU, respectively, for
Ag, Ag-Au alloy, and Au NHA. In this visible wavelength region, the sensitivity of the α-NHA
lies between the two mono-metal NHA. However, the measured sensitivities in the NIR region are
279 nm/RIU, 387 nm/RIU, and 288 nm/RIU, respectively, where the α-NHA shows 38% higher
sensitivity than those of Ag and Au NHA. This experimental result is in accordance with the
spectroscopic ellipsometry data in Fig. 1(b). Since the geometric dimensions of the α-NHA and
mono-metal NHA remain constant, the refractive index sensitivity is significantly affected by the
dielectric function of materials.
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2.4. Label-free detection of E. Coli using α-NHA

The α-NHA were further utilized for label-free plasmonic biosensing by detecting E. coli bacteria
as target analytes. The transmittance spectra upon loading of E. coli onto α-NHA were measured
using inverted microscope (Carl Zeiss, Axiovert 200M) equipped with spectrometer (Princeton
Instruments, MicroSpec 2300i) under NIR illumination (HAL100, Carl Zeiss) (Fig. 5(a)). The E.
coli concentrations ranging from 1×103 to 1×108 cfu/ml were prepared from stock concentration

Fig. 5. α-NHA for label-free E. Coli detection. Schematic illustration of (a) experimental
setup and (b) E. coli immobilization. The E. coli were covalently bound on the surface
of α-NHA through surface modification using EDC/NHS mixtures. (c) SEM image of
immobilized E. coli on α-NHA. (d) Transmittance spectrum of α-NHA during E. coli
immobilization process. Each spectrum was measured after rinsing with DI water. The
Plasmonic resonance peak is sequentially red-shifted. (e) Time variant measurement of
plasmonic resonance peak shifts of α-NHA for various E. coli concentration detecting up
to 103 cfu/ml. (f) Plasmon resonance peak shift for various E. Coli concentrations at 40
minutes showing a strong logarithmic linear correlation. (g) Calculated LOD of α-NHA
during the time-variant measurement.
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of 7×108 cfu/ml. The initial concentration of bacteria was determined by measuring the optical
density of the bacterial solution. Then, each concentration of E. coli was covalently bound onto
the α-NHA substrate through antibody immobilization (Fig. 5(b)). First, the α-NHA surface
was modified in 4 mM 11-MUA (11-Mercaptoundecanoic acid, Sigma-Aldrich) for 8 hours.
After sufficient rinsing with ethanol, 40mM-NHS (N-Hydroxy-succinimide, Sigma-Aldrich) /
100mM-EDC (ethyl dimethyl-aminopropyl carbodiimide, Sigma-Aldrich) mixture was treated
onto the substrate for one hour. Next, E. coli antibody (sc-71004, Santa Cruz Biotechnology)
was incubated on the α-NHA for one hour to covalently bond to the NHS/EDC blocks. Finally,
the E. coli bacteria with concentrations ranging from 103 to 108 cfu/ml were immobilized onto
the α-NHA.

The SEM images in Fig. 5(c) confirm that the E. coli are immobilized on the top surface
of α-NHA substrate. To further verify the successful antibody immobilization of E. coli,
the transmittance spectra of α-NHA were measured at each step after rinsing with DI water
(Fig. 5(d)). In this experiment, the plasmon resonance peaks are substantially red-shifted in
the NIR range by 18 nm after both antibody bonding and E. coli immobilization due to higher
refractive index of the antibody and E. coli than the air [47]. Then, the time variant plasmon
resonance peak shift of the α-NHA was measured depending on the E. coli concentration ranging
from 103 to 108 cfu/ml (Fig. 5(e)). The transmittance spectra were measured in 150 seconds
intervals after the initial introduction of E. coli. The E. coli were rapidly immobilized onto the
substrate in the initial phase and began to saturate after 35 minutes. The α-NHA successfully
detected 103 cfu/ml E. coli by more than 1 nm peak shift, which is a significant improvement
from conventional mono-metal plasmonic biosensors that detect 104 cfu/ml by less than 1 nm
shift [21,48]. Figure 5(f) summarizes the plasmon resonance peak shift of α-NHA after 40
minutes of E. Coli introduction of different concentrations. As the regression line suggests,
the plasmon peak shifts of α-NHA and the logarithmic E. Coli concentrations follow a linear
correlation. Furthermore, the limit of detection (LOD) of E. Coli was calculated using the
equation LOD= 3.3(Sy/S), where the Sy is the standard deviation of the response and S is the
slope of the regression line (Fig. 5(g)). Like the time-variant measurement peak shift in Fig. 5(e),
the LOD also begins with nearly 108 cfu/ml. However, this value quickly decreases and reaches
59 cfu/ml as the E. Coli is immobilized. This LOD is approximately three-fold enhancement
from previous reports of label-free E. coli detection using mono-metal NHA [23]. Note that the
label-free detection of E. coli with concentration of 103 cfu/ml becomes statistically significant
after 25 minutes with LOD of 323 cfu/ml.

3. Conclusion

In summary, this work has successfully demonstrated Ag-Au alloy nanohole arrays for ultra-
sensitive plasmonic biosensing applications. The facile nanofabrication utilizing nanoimprint
lithography and concurrent thermal evaporation allows large-area pattern transfer with high
dimensional fidelity. The plasmonic resonance wavelength shifts measured with UV-NIR
spectrometer for various glycerol-water mixtures indicate α-NHA provide higher refractive index
sensitivity than Ag or Au NHA in the NIR range. The α-NHA further demonstrate the label-free
detection of E. coli in concentrations down to 103 cfu/ml, with calculated LOD of 59 cfu/ml.
Moreover, the E. coli concentration of 103 cfu/ml is statistically distinguished after 25 minutes.
This novel alloy plasmonic material can provide a new outlook for highly sensitive and label-free
biomedical or environmental sensing applications.
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